Observations by the Atacama Large Millimetre/sub-millimetre Array of the 358 GHz continuum emission of the gravitationally lensed quasar host RX J0911.4+0551 have been analysed. They complement earlier Plateau de Bure Interferometer observations of the CO(7-6) emission. The good knowledge of the lensing potential obtained from Hubble Space Telescope observations of the quasar makes a joint analysis of the three emissions possible. It gives evidence for the quasar source to be concentric with the continuum source within 0.31 kpc and with the CO(7-6) source within 1.10 kpc. It also provides a measurement of the size of the continuum source, 0.76 ± 0.04 kpc FWHM, making RX J0911.4+0551 one of the few high redshift galaxies for which the dust and gas components are resolved with dimensions being measured. Both are found to be very compact, the former being smaller than the latter by a factor of ∼3.4±0.4. Moreover, new measurements of the CO ladder − CO(10-9) and CO(11-10) − are presented that confirm the extreme narrowness of the CO line width (107±20 km s −1 on average). Their mere detection implies higher temperature and/or density than for typical quasar hosts at this redshift and suggests a possible contribution of the central AGN to gas and dust heating. The results are interpreted in terms of current understanding of galaxy evolution at the peak of star formation. They suggest that RX J0911.4+0551 is a young galaxy in an early stage of its evolution, having experienced no recent major mergers, star formation being concentrated in its centre.
INTRODUCTION
Our knowledge of galaxy evolution at early cosmic times, in particular at the epoch when star formation and AGN activity reach their maximum, with redshift in the ∼2 to ∼4.5 range, owes much to the study of quasar hosts (for a review see Carilli & Walter 2013 , for recent new results see Aravena et al. 2016; Glikman et al. 2016) . Four main actors of this evolution are accessible to observation: the AGN emission around the supermassive black hole in the centre, the gas reservoir from which stars are formed, its dust content − the emission of which is a proxy of star formation − and the stars themselves. The fifth main actor, dark matter, is not directly accessible to observation. Typically, each of these covers a specific frequency range in the rest frame: optical and X rays for the black hole, millimetre/sub-millimetre for the molecular gas, infrared for the dust and optical for ⋆ E-mail: ptanh@vnsc.org.vn the stars. These observations are reduced to a few quantities that summarize our knowledge of the observed galaxy, such as masses and luminosities of the above mentioned components, star formation rate, dynamical mass, starburstiness, etc.
The molecule that is most commonly used as a tracer of the gas component is carbon monoxide; the emission of the molecular rotation levels probes different regions depending on the excitation energy. Other tracers, such as carbon and nitrogen fine structure lines, have also been detected successfully. It is only recently that some gas and dust components of high redshift quasar hosts and sub-millimetre galaxies could be spatially resolved, usually taking advantage of the important magnification provided by gravitational lensing (Riechers 2011a,b; Riechers et al. 2011c) . One of these is the host galaxy of RX J0911.4+0551 (hereafter referred to as RX J0911), which we studied earlier using Plateau de Bure Interferometer observations (Tuan- Anh et al. 2013; Tuan-Anh 2014; Hoai et al. 2013) and which is the subject of the present article.
While many quasar hosts and sub-millimetre galaxies hosting an AGN have been detected at redshifts between ∼2 and ∼4.5, most of them have been observed in the continuum and only few in molecular or atomic lines. Table 1 lists some typical cases chosen among the better resolved. In the case of gravitational lensing it is not sufficient to resolve the lensed images with good spatial resolution; in addition, a precise knowledge of the lensing potential is mandatory in order to resolve the source and measure its size. The resolved images, while giving often evidence for extended dust and gas components, the former being relatively more compact, benefit rarely from a sufficient spatial resolution for their morphology to be reconstructed in the source plane.
From the study of high redshift galaxies, one learns that they are often the seat of mergers, in particular wet mergers that are identified by comparing the respective locations of the optical, gas and dust components. Examples are J 123707, SMM J02399 and BRI 1335. Typically, mergers are identified with dimensions in excess of a kiloparsec in the source plane. Mergers cause the gravitational field to strongly increase locally, in particular as the result of induced shocks and turbulences, triggering the local collapse of gas clouds and causing star bursts. These are seen as important sources of dust away from the central supermassive black hole. In cases where the gas and dust components are roughly concentric with the supermassive black hole, with dimensions not exceeding a kiloparsec in the source plane, a velocity gradient is often observed that reveals a disc-like rotating structure; in most cases these give no evidence for recent mergers but the better resolution observations may display a clumpy structure of the source, possibly revealing the effect of merging: such is the case of SDP.81, the best resolved of all cases.
In summary, understanding the genesis of early galaxies requires observations made at different stages of their evolution, in order to reveal the relative roles played by each actor as a function of time. At each stage, multi-wavelength observations are mandatory in order to disentangle the respective morphologies of the gas and dust components and their locations with respect to the central supermassive black hole.
The next section, Section 2, recalls what is known of RX J0911; Section 3 introduces the new observations and the reduction of the data, with Section 4 discussing the relative positions of the quasar and the gas and dust components and Section 5 discussing their sizes. Section 6 locates the continuum flux measurement on the SED and Section 7 discusses the line data. The article closes with a summary of the main results and their interpretation in the framework of our present knowledge of galaxy evolution at high redshifts.
RX J0911 AND ITS HOST GALAXY
RX J0911 was first observed in 1995 in X-ray by ROSAT (Bade et al. 1995 (Bade et al. , 1997 Hagen et al. 1995) , then in the optical and near-infrared using NOT (Nordic Optical Telescope) and NTT (New Technology Telescope) by Burud et al. (1998a,b) and later (Figure 1 left) using the Hubble Space Telescope (HST) by Kochanek (2002) . It is a z = 2.8 quasar. Using ΛCDM concordance cosmology (H0=71 km s −1 Mpc −1 , ΩM =0.27 and ΩΛ=0.73), this implies that an angular distance of 1 arcsec corresponds to a real distance of 7.98 kpc. The quasar is lensed into four resolved images, typical of a source located near a cusp of the minor axis of the caustic (Saha & Williams 2003) : a triplet of nearby A images in the east and a fainter B image in the west, separated from the A images by some 3 arcsec (Figure 1 middle and right) . The lens has been identified as a galaxy G at z = 0.77, with the cluster to which it belongs (Kneib et al. 2000) causing a small shear. The time delay between the A and B images (∼150 days) has been measured by Hjorth et al. (2002) .
Molecular emission has recently been observed in CO(1-0) using the EVLA (Riechers et al. 2011d ) and in CO(7-6) using the PdBI, first (Figure 2 left) by Weiss et al. (2012) and later, with better spatial resolution (Figure 2 middle), by Tuan- Anh et al. (2013) . Hainline et al. (2004) mention a probable detection of CO(3-2) emission (to 3.7 σ) but do not resolve the images. As they evaluate a line width a factor more than 3 larger than expected from interpolation between the CO(1-0) and CO(7-6) measurements, we ignore this observation in what follows. An unexpected feature is the narrow width of the line, 120±14 km s −1 , some four times smaller than for typical quasar hosts at high redshift. The second set of PdBI observations (Tuan- Anh et al. 2013; Tuan-Anh 2014) made it possible to resolve the gas volume in the source plane as an ellipse (Figure 2 right) having an rms radius of 106±15 mas (0.85±0.12 kpc), an ellipticity parameter (square root of the ratio between major and minor axes) of 1.60(
+0.35
−0.18 ) and a position angle (of the major axis) of 111
• ± 9
• , 3.3 standard deviations away from a circular source hypothesis. These numbers were obtained from analyses using two different lensing potentials. The differences between their predictions were used to obtain an estimate of the systematic uncertainties. Here we use only one of these, giving the best fit to the HST data, the sum of an elliptic term and a shear term, remembering that it predicts a ∼20% larger rms radius, 129±15 mas (meaning 1.01±0.12 kpc or 2.6±0.3 kpc FWHM), than the average value just quoted. Moreover, evidence for a velocity gradient at the scale of ∼25 km s −1 kpc −1 along the source elongation had been obtained at the level of 4.5 standard deviations.
The full band X ray luminosity of the quasar has been measured by Fan et al. (2009) 
as 10
44.8 =6.2×10 44 erg s −1 ; using a relation between dynamical and black hole masses (Bothwell et al. 2013 ) and between X ray luminosity and black hole mass (Alexander et al. 2005a,b) , one estimates a black hole mass of 10 8.2 =1.6×10 8 solar masses while, on average (McLure & Dunlop 2004; Ueda 2015) , black hole masses increase from 10 8 solar masses at z ∼ 0.2 to 10 9 solar masses at z ∼ 2 and between 10 9 and 10 10 solar masses for z>6 (Wang et al. 2010) .
Together with the low values (Tuan-Anh 2014) of the gas mass (∼ 3.9 × 10 9 solar masses), of the dust mass (∼ 1.3 × 10 8 solar masses) and of the dynamical mass (∼ 4.7 × 10 9 solar masses), the low mass of the central black hole makes RX J0911 an atypical quasar host, a kind of scaled down version of typical quasar hosts at redshifts ∼3.
In the present article we complement these earlier studies of RX J0911 with the analysis of recent ALMA obser- Table 1 . Some typical quasar hosts and sub-millimetre galaxies at redshifts in the 2.5 to 4.5 range for which both the gas and dust components have been resolved and measured. References are given for the line emission data, the continuum emission data and the lensing mechanism. In the last column, mergers are indicated as M and others as NM; in both cases, the figure gives the scale of the emission in kpc. vations. In addition to providing new information on the emission from other lines, they contribute, for the first time, high sensitivity data in the 358 GHz continuum.
NEW OBSERVATIONS AND DATA REDUCTION
We use ALMA observations, number 2011.0.00307.S (PI A. Weiss), performed on 16th November 2012, presently archived and open to public access. The continuum was ob- served at 358 GHz over four frequency bands for a total onsource time of 26 minutes. It made use of 26 antennas with a maximum baseline of ∼ 370 m corresponding to a nearly circular beam of 0.55 × 0.51 arcsec 2 . The data have been processed by the ALMA staff and are available in the form of a clean map of 256×256 pixels of 0.1×0.1 arcsec 2 each. We checked the good quality of the data reduction, including calibration. We use x, y and z coordinates pointing respectively east, north and along the line of sight (away from the observer). The distribution of the mean flux density measured in each pixel is displayed in Figure 4 and reveals an effective noise peak having a FWHM of 0.39 mJy beam −1 . Also available are lower sensitivity observations of the emission of two CO lines, CO(10-9) and , at respective frequencies of 303.69 and 333.79 GHz. They were observed on 15th November 2011, for on-source times of 10 and 20 minutes respectively, using 16 antennas with a maximum baseline of 126 m (ALMA cycle 0 compact configuration). The beams were nearly circular with ∼1.5 arcsec FWHM.
CLEAN MAPS AND CONCENTRICITY OF THE SOURCES
Clean maps of the 358 GHz continuum and of the two molecular line emissions are displayed in Figure 5 . For the first time, image B is clearly detected in the continuum, with a signal to noise ratio of ∼10 instead of 2.4 in Tuan- Anh et al. (2013) . The new line data have been observed for the first time but the sensitivity and spatial resolution are insufficient to spatially resolve the source.
The gas and dust components may differ in position from the central black hole; moreover, while the latter is essentially a point source, the former are extended sources with different dimensions. It is important, in particular for revealing a possible contribution of mergers, to measure as accurately as possible the positions and dimensions of the sources in each of the three sets of data: HST/optical for the black hole, PdBI/CO(7-6) for the gas component and ALMA/358 GHz for the dust component. An accurate evaluation of possible offsets between the frames of reference associated with each of the three observations is given in Appendix A. While important for ensuring good control over the analysis of the data, it has little influence on the evaluation of possible offsets between the positions of the three sources because of the complexity of the astrometry in a strong lensing configuration such as RX J0911. When the source moves across the lens on the sky plane, there is no simple relation between the global displacement of the images and the displacement of the source. When the source is far away from the lens, the images become faint and fade out; when the source comes close to the lens, it is the configuration of the four (or two) images rather than their global displacement that changes rapidly. This is illustrated in Table 2 that lists the displacements ∆ximage and ∆yimage induced on each of the four point images by a displacement (∆xsource,∆ysource) of the point source.
In particular, we see that the distance between B and A2 varies little when the source moves while the distance between B and A1 increases by 28 mas when the source moves 10 mas west and increases by 19 mas when the source moves 10 mas south. Similarly, the distance between B and A3 increases by 24 mas when the source moves 10 mas west and decreases by 20 mas when the source moves 10 mas south. Writing ∆BA1 = −2.8∆xsource − 1.9∆ysource (1a) and ∆BA3 = −2.4∆xsource + 2.0∆ysource (1b) we obtain: 19∆BA3 (2a) and ∆ysource = −0.24∆BA1 + 0.28∆BA3 (2b) We average the 358 GHz continuum flux over two roads along the BA1 and BA3 lines, each ±0.3 arcsec wide, and display in Figure 6 the dependence of the results on the distance measured along the road, giving ∆BA1 = 37 mas and ∆BA3 = 55 mas from which we obtain ∆xsource = −18 ± 14 mas and ∆ysource = 7 ± 18 mas. The errors include uncertainties on both the distance measurements and the parameters of the pair of linear equations.
Repeating the exercise on the CO(7-6) PdBI data ( Figure 6 ) gives ∆BA1 = −268 mas and ∆BA3 = −118 mas from which we obtain ∆xsource = 76 ± 41 mas and ∆ysource = 31 ± 53 mas. In this case, the larger uncertainties are due to the low signal to noise ratio of image B.
We obtain upper limits on the distance of the source from the origin by adding the x and y contributions in quadrature, each individual contribution being the sum of the value and its uncertainty. As a result, we retain from this analysis that the quasar and 358 GHz emissions are concentric within 40 mas, meaning 0.31 kpc, while the quasar and CO(7-6) emissions are concentric within 140 mas, meaning 1.10 kpc.
These results do not depend on the offsets between the three frames of reference, which are evaluated in Appendix A. The result of this latter evaluation is expressed in terms of the origins of the PdBI and HST frames of coordinates as measured in the ALMA frame: − for the PdBI: −25 ± 40 mas in x and −117 ± 80 mas in y; − for the HST: 122 mas in x and 138 mas in y with uncertainties poorly defined but at the 100 to 200 mas scale.
MEASUREMENT OF THE SOURCE SIZES
In order to obtain the morphology of the continuum source and to measure its size, we use the lensing potential described in Table A1 , correct for the offsets listed in Table A2 and assume a circular morphology in the form of either a uniform disc or a Gaussian, two extreme configurations that may reasonably be thought to bracket reality. The fits are first made on the clean map, using as uncertainty 10% of the measured flux density added in quadrature to the 165 µJy beam −1 of effective noise (Figure 4 ). This procedure is not rigorous because the measurement uncertainties affecting neighbour pixels are strongly correlated. For this reason, a final fit is ultimately made in the uv plane in order to overcome this difficulty. Table 3 summarizes the result of the best fits and Figure 7 displays the dependence of their χ 2 on the source size defined as the root mean square radius measured over the source area,
where we recall that x Figure 7 . Left: dependence on the source size (arcsec) of the χ 2 (normalised to minimum) of the fit to the data on the clean map. Both the uniform disc (red) and Gaussian profile (black) cases are illustrated. The source is positioned at its nominal position (the values quoted in Table 3 are obtained by averaging over source positions within ±10 arcsec). The curves are parabola fits. Right: dependence on the source size (arcsec) of the χ 2 (normalised to the number of degrees of freedom) of the fit to the data in the uv plane. Both the uniform disc (red) and Gaussian profile (black) cases are illustrated. The blue arrow shows the value retained for ρ.
points east, y points north, z points along the line of sight away from the observer, F (x, y) is the integrated flux density measured in pixel (x,y) and R = x 2 + y 2 . The values taken by the ratio of ρ to the half width at half maximum are
∼ 0.71 for a uniform disc and ∼0.85 for a Gaussian profile. A same value of 34±6 mas (0.27±0.05 kpc) is obtained for ρ in the continuum ALMA data for both the uniform disc and Gaussian profile configurations; it corresponds therefore to a FWHM of 0.68±0.12 kpc, in agreement with the much less precise estimate of Tuan- Anh (2014) . The uncertainty attached to this measurement has been evaluated for an uncertainty of ±10 mas of the source position in both x and y (Tuan-Anh 2014).
As a check of the validity of these results and for a more rigorous treatment of uncertainties, we now repeat the fit in the uv plane rather than on the clean map. The fit is done over 76×10 3 complex visibilities, meaning 152 × 10 3 degrees of freedom. The best fit χ 2 is ∼3.4 per degree of freedom, suggesting that we underestimate the uncertainty by a factor ∼1.8, either because the noise itself is higher than estimated or because another source of error has been neglected. In any case, the uncertainty on the source size is completely dominated by systematic effects, the difference between the uniform disc and Gaussian profile fits providing a good illustration, the respective ρ values being 32 and 40 mas. This result confirms the results of the analyses performed on the clean map and is more reliable because of its better treatment of the uncertainties. We therefore retain as a final result ρ = 36±4 mas, meaning a FWHM of 0.72±0.08 kpc, the quoted uncertainty accounting for the sources of systematic errors associated with the source profile and position as well as with the knowledge of the lens.
As explained in Tuan- Anh (2014) , an independent evaluation of the source size can be obtained from the ratio between the observed brightness of images B and A's (considered here globally, namely the flux being integrated over the area covered by the three A images). Point sources located outside the caustic produce only two images, B and A2, while inside the caustic they produce also the A1-A3 pair, adding up to four images. It is clear from Figure 1 (centre and right) that the relative occurrence of two-image configurations increases with the size of the source, causing the A images to become globally fainter with respect to image B, the latter being always present in the two-image configuration: the B/A brightness is a measure of the source size. This ratio is essentially unaffected by beam convolution and its measurement does not require a very good angular resolution (yet sufficient to separate A from B). However, as image B is not much magnified, it requires a high sensitivity to be obtained with good precision. This is illustrated in Figure 8 (left and centre), which displays separately the variations over the source plane of the A and B magnifications predicted by the model. The A images are faint in most of the two-image region, large magnifications being only reached in the vicinity of the caustic cusp. On the contrary, the magnification of image B, which is far from the critical curve, is always weak, whether the source point is inside or outside the caustic cusp: it varies very slowly across the region explored in Figure 8 . In the HST case, as noted by Burud et al. (1998a,b) and their successors, images A suffer an important reddening while image B is unaffected. As a result, the ratio B/A, expected to be ∼10% for a point source, is measured between 18% and 20%, preventing the use of the method in this part of the frequency spectrum. However, such an effect should be negligible in the millimetre wavelength region. Weiss et al. (2012) quote a value of 21±1% for B/A for CO(7-6) emission but we note that this is the ratio between the maxima of the B and A flux distributions displayed in their Figure 2 (left), which one would expect to differ from the ratio between the integrated fluxes. The present 358 GHz ALMA data give a B/A ratio of 11.6±1.2%. Figure 8 (right) compares these results with the prediction of the lensing model using circular sources having both uniform and Gaussian brightness distributions. The value of ρ obtained in this manner for the 358 GHz continuum is 48±8 mas, in agreement with the values obtained from the clean map and uv plane fits, respectively 34±6 mas and 36±4 mas. Such agreement between results obtained by two completely independent methods brings additional confidence in their validity. Taking all the above in due account, we retain as final value of the size of the 358 GHz continuum emission ρ = 38 ± 4 mas, meaning 0.30±0.03 kpc or 0.76±0.08 kpc FWHM. It is 3.4±0.4 times smaller than the size of the CO(7-6) emission measured by Tuan-Anh (2014).
INTEGRATED CONTINUUM FLUX
The dust luminosity, evaluated over the regions covered by the A and B images, with an area of 9.4 beams, adds up to 31.7 mJy at an average wavelength of 833 µm. The uncertainty attached to this number amounts to 0.5 mJy. Figure  9 compares this result, 31.7±0.5 mJy, with earlier measurements, with which it is in excellent agreement. However, it does not help with the evaluation of the dust temperature, being in a frequency range where the black body luminosity is essentially temperature independent. Indeed, the suggestion of a high dust temperature occasionally mentioned in the literature rests on a single measurement of 1.7±0.3 mJy at 3 mm wavelength by Barvainis & Ivison (2002) . 1.6 1.7 1.8 1.9 2.0 2.1 Figure 8 . Distribution of the magnifications in the source plane for the three A images considered globally (left panel) and for image B (middle panel). Concentric circles show sources of radii increasing from 10 mas in steps of 50 mas. The right panel displays the dependence of the B/A ratio on ρ (mas) for disc sources having either uniform (red) or Gaussian (blue) brightness lensed by the potential described in Table A1 . The bands show the results of measurements (±1σ) for both the 358 GHz continuum (purple, this work, ρ = 36 ± 4 mas; B/A=11.6±1.2%) and the CO(7-6) emission (cyan, Weiss et al. 2012 for the B/A ratio, 21±1%; Tuan-Anh 2014 for the fit in the uv plane, ρ = 129 ± 15 mas). Figure 10 displays the observed line profiles of CO(10-9) and CO(11-10). We use the evaluation of the continuum displayed in Figure 9 to evaluate by scaling the continuum contributions as 22.7 mJy and 27.5 mJy respectively. Subtracting such contributions and fitting Gaussian profiles gives the results listed in Table 4 . The extreme narrowness of the line previously observed in CO(1-0) and CO(7-6) emission is confirmed. The observed frequency values are in excellent agreement with expectation within errors (∼10 MHz). Averaging over the four measurements gives a common line width of 107±20 km s −1 .
LINE PARAMETERS

SUMMARY AND DISCUSSION
Summary
The new observations of the quasar host RX J0911 that have been presented here are an important complement to what was already known of this galaxy. It occupies an eccentric situation in the family of quasar hosts at z ∼3, with CO luminosity (related to the gas mass), FIR luminosity (related to the dust mass), line width (related to the dynamical mass) and X ray luminosity (related to the black hole mass) typically five times smaller than usual for such galaxies ( Figure  3 , Carilli & Walter (2013) ).
The main contribution of the present work is evidence for the gas and dust components to be compact and concentric with the central black hole, the former being ∼3.4±0.4 times more extended than the latter. The availability of HST images, showing also the lens galaxy, has made it possible to define the lensing mechanism with particularly good precision in the image plane, ±29 mas in x and ±11 mas in y. The concentricity of the three sources, quasar, gas and dust, measured to better than 0.31 kpc for the quasar versus 358 GHz continuum emissions and to better than 1.1 kpc for the quasar versus CO(7-6) emissions, argues against any important and recent merger contribution. The compactness of the dust and gas sources, with respective FWHM values of 0.76±0.08 kpc and 2.6±0.3 kpc, adds to the argument.
Another important contribution is the detection of high J excitations of the CO molecule. It is remarkable that they confirm the extreme narrowness of the CO line (107±20 km s −1 on average). The measurements of the CO ladder displayed in Figure 11 as ratios to S1−0 extend beyond the typical ladder predicted by a single component Large Velocity Gradient (LVG) approximation, suggesting that the temperature and/or density of the gas are/is on the high side. The sensitivity and spatial resolution with which the CO(11-10) and CO(10-9) emissions have been observed are insufficient to resolve the gas component and measure its size as could be done for CO(7-6), but their mere detection suggests a possibly significant contribution of the central AGN to gas and dust heating.
In the remaining of this section, we explore the consequences of the present results in the framework of our present knowledge of galaxy evolution at high redshifts.
Comparison with high redshift galaxies for
which the sizes of both the gas and dust components have been measured
Of the galaxies listed in Table 1 , five are interpreted as hosting major wet mergers (J123707+6214, SPT0538-50, SMMJ02399-0136, SDP.81 and BRI 1335-0417). One, PSS J2322+1944, a z=4.12 quasar host with a star formation rate of ∼680 solar masses per year, displays a complex image pattern interpreted as resulting from the lensing of a source significantly offset from the central quasar and hosting interaction possibly caused by a major merger. This leaves only two galaxies with gas and dust distributions comparable with those of RX J0911: the Cloverleaf (z=2.56) and APM 08279+5255 (z=3.91). The CO emission of the Cloverleaf, with line widths of 300 to 400 km s −1 FWHM, is interpreted by Venturini & Solomon (2003) as originating from a rotating disc-like structure with a characteristic radius of 0.8 kpc, concentric with the quasar. Bradford et al. (2009) measure the CO ladder up to Jup=9 with no sign of decrease and suggest that the Cloverleaf host is undergoing a massive starburst, but that it has additional energy input into the ISM via hard X-rays originating in the accretion zone. Riechers et al. (2011d) and Weiß et al. (2003) measure CO emission with L ′ CO ∼ 18×10 9 K km s −1 pc 2 . The FIR luminosity is 22×10
11 solar luminosities and the dust emission is confined to the same central region as the gas emission. Unfortunately, the lens parameters are difficult to evaluate with precision. Granato et al. (1996) measure an X-ray luminosity of 3.5×10
46 erg s −1 giving a black hole mass of 6.8×10 8 solar masses. APM 08279+5255, a radio-quiet quasar host, has CO line widths in the 400 to 500 km s −1 range and is lensed into a quad in a similar configuration to RX J0911. Riechers et al. (2009a) give a very detailed analysis of the multi-wavelength observations made of this galaxy and argue in favour of a modest lensing magnification, ∼4. The size of the CO component is ∼1.1 kpc FWHM, the CO and FIR luminosities are respectively 26×10 9 K km s −1 pc 2 and 240×10 11 solar luminosities; together with a black hole mass of ∼230×10 8 solar masses, this makes APM 08279+5255 a dust-and gas-rich galaxy with a very massive, active black hole in its centre. The gas in the central region is accordingly both dense and warm, the contribution of the starburst to the heating of the gas and dust being rather modest: 10% as estimated by Riechers et al. (2009a) and 35% as estimated by Ferkinhoff et al. (2010) . Evidence is obtained for the central black hole growing faster than the stars in the early phase of galaxy formation.
In addition to the galaxies listed in Table 1 , there exist several other high redshift galaxies for which the sizes of the dust and gas components have been measured and found compact. A complete review is beyond the scope of the present article but two examples are worth quoting as an illustration: MACSJ0032-arc and SDSS J1148. MACSJ0032-arc (Dessauges-Zavadsky et al. 2016 ) is a z=3.63 main sequence star forming galaxy lensed into an arc structure by a complex set of lenses with a magnification of order 60. The star formation region, with a rate in excess of 3000 solar masses per year, is concentrated in the centre of the galaxy, with most of the gas and dust residing within in a diameter of ∼1.2 kpc. It is surrounded by two UV-bright star-forming regions, possibly revealing a merger. Most of the star forming rate originates from thermal dust emission. CO emission, with line widths in excess of 300 km s −1 FWHM, remains high up to J=6 but higher J levels have not been observed. SDSS J114816.64+525150.3 is a z=6.42 quasar host with a black hole of ∼30×10 8 solar masses (Willott et al. 2003 ) in its centre. CO emission, with line widths of ∼300 km s −1 FWHM, and dust emission, with a far infrared luminosity 30.367 − 11.2±1.9/111±19 1.8±0.2 0.21±0.03 CO(3-2) [4] 91.088 − −/360±60 ? 2.9±? CO(7-6) [2] 212.50 4.4 ±0.5 85±10/120 ±14 40±5 5.0±1.0 CO(10-9) [3] 303.48 22.7 ± 0.5 89±16/89±16 47±8 4.5±1.0 CO(11-10) [3] 333.80 27.5±0.5 113±30/102±28 24±5 2.5±0.9
of ∼120×10 11 solar luminosities, are concentric and confined within radii of ∼2.5 kpc and 0.75 kpc respectively (Riechers et al. 2009b) .
In summary, compactness of the star formation region about the galactic centre is a property shared by galaxies covering a very broad range of scales, with black hole masses up to two orders of magnitude above that of RX J0911. Its main virtue is to exclude major mergers and multiple or eccentric star bursts.
Comparison with high redshift galaxies displaying narrow CO lines
RX J0911 has the narrowest CO line of all high z galaxies known to us. Table 5 lists such galaxies having a CO line width not exceeding 200 km s −1 (Carilli & Walter 2013 ). The CO line width is expected to result from several possible causes such as rotation of the gas around the centre of the galaxy, multiple sources associated with different starbursts in a same galaxy, merging galaxies, etc. Indeed, most ultraluminous infrared galaxies and many sub-millimetre galaxies are known to be the seats of wet mergers and/or multiple starbursts. In the case of RX J0911, the evidence for ellipticity of the gas component (3.3 standard deviations away from a circular source hypothesis) and for velocity gradient along the major axis (25 km s −1 kpc −1 , 4.5 standard deviations from zero) make it unlikely that the gas reservoir be a rotating disc seen close to face on. Moreover, the limits obtained in the present work on the size of the gas and dust components (respectively 2.6±0.3 and 0.76±0.08 kpc FWHM) and their concentricity with respect to the quasar make multiple star bursts and/or wet mergers equally unlikely.
To the extent that the CO line width is directly related to the star velocity dispersion (σ * ), it is expected to be strongly correlated with the mass of the central black hole (MBH). Such a tight correlation is indeed found for local quasars (for a recent review, see Sheinis et al. 2016) . However, this is no longer the case for high redshift quasars (Wang et al. 2010 ) as illustrated in Figure 11 (middle panel). Most of the high-z CO-detected quasars are above the local MBH-σ * relation with offsets exceeding one order of magnitude in black hole mass (Shields et al. 2006) . Only a small part of these offsets can be blamed on the inclination of the disc on the sky plane. This reflects the observation of large mass ratios between the black hole and the bulge, an effect of the early and more rapid formation of the central supermassive black hole with respect to the bulge. In the case of RX J0911, the local relation predicts a black hole mass nearly 300 times too small or a CO line width nearly 5 times too large, depending on what one starts from.
In this context, it is interesting to compare RX J0911 with the high redshift galaxies listed in Table 5 and illustrated in Figure 11 (right panel). RX J0911 is the only galaxy for which a measurement of the size of the gas and/or dust component is available but a common feature observed in most of these galaxies is the absence of an extended massive gas reservoir; in most cases, their properties are qualitatively similar to those of the lower-z sub-millimetre galaxies studied by Greve et al. (2005) . As many high redshift luminous galaxies display evidence for mergers and/or multiple starbursts, these are likely to contribute a significant part of the CO line width; as a consequence, the observation of a narrow line width is evidence against such activity, irrespective of the inclination of the gas disc with respect to the sky plane. In the present case of RX J0911, the evidence for a velocity gradient along the elongation of the gas component suggests that most, if not all, of the CO line width is likely to be associated with gas rotation.
In the cases where the CO ladder has been measured, RX J0911 is the only galaxy listed in Table 5 for which high J lines have been detected. Earlier observations have suggested that in the others the main source of gas heating is from star formation rather than from the central AGN, but one must underline that before the recent availability of band 7 detection at ALMA, searching for such high excitations was simply out of reach. In the case of RX J0911, the strong concentration of the star formation region around the central black hole makes it difficult to disentangle the respective contributions of stars and AGN to gas heating and a significant contribution of the latter cannot be excluded.
Comparison with high redshift galaxies
displaying high level excitation of the CO molecules Table 6 lists high redshift galaxies for which CO excitations of Jup of 9 or above have been detected. Other galaxies, such as J1148 (Riechers et al. 2013 ) and BR 1202 (Salome et al. 2012 , which remain at a high level of excitation up to Jup=8, may be of the same category but higher J excitations have not been searched for. CO ladders are commonly interpreted in the framework of the Large Velocity Gradient approximation (Greve et al. 2014) , based on the existence of important turbulence allowing photons to escape in spite of optical thickness. Temperatures of ∼40 K are obtained for typical high redshift galaxies (Carilli & Walter 2013; Weiss et al. 2007a ) assuming molecular hydrogen densities of ∼10 3 cm −3 . Higher J excitations can be accounted for by a temperature typically 20 K larger with molecular hydrogen densities of ∼10 4 cm −3 . However, different excitations probe different Table 5 . Galaxies having redshift in excess of 2 and a CO line width not exceeding 200 km s −1 . The type (column 3) is abbreviated as QSO for quasars, SMM for sub-millimetre galaxies and LBG for Lyman-break galaxies. The FWHM of the CO line (column 5) is averaged over all observed lines. L FIR , L ′ CO and SFR and M BH (columns 6 to 8) are respectively the far-infrared luminosity in units of 10 11 solar luminosities, the CO luminosity in units of 10 9 K km s −1 pc 2 and the star formation rate in units of solar masses per year. Column 9 gives references (a to p) and comments (1 to 3). References stand for: a) Simpson et al. (2012) Lestrade et al. (2010) and (2011); n) Coppin et al. (2010) ; o) Combes et al. (2012) ; p) Wang et al. (2010) . Comments stand for: 1) estimates a gas component size of 700 pc from indirect luminosity arguments; 2) assuming a magnification of 100; 3) the source gives evidence for a merger of two galaxies, one of which only displays a narrow CO line. temperatures and therefore different regions: a two component description is likely to be more appropriate in cases where the central AGN contributes significant heating. High J excitations have also been used as probes of the gas heating mechanism in local starbursts and/or mergers, such as NGC 6240 and Arp 193 (Papadopoulos et al. 2014) and found to peak at moderate values of Jup. On the contrary, starburst galaxies M82 (Panuzzo et al. 2010 ) and NGC 253 (Rosenberg et al. 2014 ) display a CO ladder that stays high up to Jup=13, requiring an additional heating source, most likely mechanical, associated with shocks and/or turbulences.
Both sub-millimetre galaxies listed in Table 6 , J213511 and HLSW-01, have CO ladders peaking at Jup ∼ 6 to 7. The four other galaxies (mostly QSOs), including RX J0911, display excitations that remain high up to the larger values of Jup. The Cloverleaf and APM 08279 have been discussed in Section 8.2. In the latter case heating from the central AGN is held responsible for the higher J excitation. In the case of the Cloverleaf, both sources seem to contribute, however with dominance from the starburst (Riechers et al. 2011f) . SPT 21323 is a z=4.77 lensed hyperluminous infrared galaxy with a star formation rate of 1120±200 solar masses per year. The excitation remains high at Jup=12, the very short depletion timescale (34±13 Myr) indicates that this source is an extreme starburst with moderate gas content, but very high star formation efficiency.
Here again, as in Section 8.2, high Jup CO excitation is a property shared by galaxies covering a very broad range of scales, with black hole masses up to two orders of magnitude above that of RX J0911. It reveals the importance of central heating, either directly from the AGN or from an intense star burst surrounding it.
Conclusion
According to current understanding, galaxies first formed from the gravitational collapse of gas and dark matter inhomogeneity, with rapid production of massive short-lived stars resulting in coeval and prompt generation of the cen- Table 6 . High redshift galaxies for which CO excitations of Jup of 9 or above have been detected. The type (column 3) is abbreviated as QSO for quasars, SMM for submillimetre galaxies and ULIRG for Ultrahigh luminosity infrared galaxies. L FIR (column 5) is the far-infrared luminosity in units of 10 11 solar luminosities. tral black hole and enrichment of the ISM in metallic species. Subsequent growth occurred via both mergers and additional gas accretion from the intergalactic medium, with star formation rates reaching a maximum at redshifts of order ∼3, when the constantly decreasing ratio of gas to star mass crossed unity. How does RX J0911 fit into such a picture? Its main characteristics are the compactness of the dust component, the narrow width of the CO emission lines, the extension of the CO ladder to high J values and overall scaled-down values of relevant masses and luminosities in comparison with quasar hosts at similar redshifts. The most natural interpretation is that of a young galaxy in an early stage of its evolution, having experienced no recent major mergers, star formation being concentrated in its centre. When compared with other high redshift star forming galaxies, the Cloverleaf may be that closest to resemble it, although scaled-up by a factor of order 4. Additional observations are necessary to deepen our understanding of the physics governing the evolution of RX J0911. In particular, the high spatial resolution available from ALMA long baselines should be exploited to map the emission of CO lines for at least two representative values of Jup, such as 5 and (Tremaine et al. 2002) . The open diamonds are for high redshift quasars with 1.4<z<5. The squares are for z∼6 quasars (Wang et al. 2010) . The red filled circle is for RX J0911. Right: CO line width (FWHM) vs. redshift for the galaxies listed in Table 5 .
APPENDIX A: ASTROMETRY
Because of the importance of revealing possible offsets between the locations in the sky plane of the line source, the continuum source and the quasar, astrometry needs to be kept under good control. Our approach is as follows: 1) use the HST observations to locate the lensing galaxy (more precisely the lensing potential 1 of Tuan-Anh (2014), hereafter referred to as the potential) and the quasar source in HST coordinates. The relevant parameters are listed in Table A1 ; the lensing potential includes the elliptical main lensing galaxy G with amplitude, ellipticity and position angles measured by parameters r0, ǫ and ϕ1 and an external shear of strength γ0 and position angle ϕ0 meant to mimic the influence of a satellite galaxy G' and of the galaxy cluster of which G and G' are part; with respect to the best fit to the HST images given in Tuan-Anh (2014), we have shifted the origin of HST coordinates 29 mas north and 3 mas east from the nominal G position, resulting in a significant improvement of the quality of the fit. The rms deviation between the observed image coordinates and those obtained from the fit is now ±22 mas (±29 mas in x and ±11 mas in y).
2) Accept that the HST and PdBI reference frames may be different but assume that the quasar point source and the centre of the CO(7-6) line emission are identical;
3) obtain offsets (offsets 1) between the HST and PdBI reference frames from a best fit to the PdBI line data of a model using for the source a disc having a radius of 160 milliarcseconds and centred on the quasar; 4) repeat the exercise to obtain offsets (offsets 2) between the HST and ALMA reference frames from a best fit to the ALMA continuum data of a model using for the source a disc having a radius of 40 mas and centred on the quasar; 5) check the consistency of the results by adjusting directly offsets (offsets 3) between the ALMA and PdBI refer- ence frames from a fit between the two sets of data (continuum and line). Note that this lacks rigour because it compares images of sources having different sizes.
The results are summarized in Table A2 . Offsets 1 give the coordinates of the origin of the PdBI frame in the HST frame; offsets 2 give the origin of the ALMA frame in the HST frame; offsets 3 give the origin of the PdBI frame in the ALMA frame, which should be equal to the difference between offsets 1 and offsets 2. The very good agreement between the direct (offsets 3) and indirect (offsets 4) evaluations of the relative position of the PdBI vs ALMA reference frames, 15 mas in x and 6 mas in y, is merely a consistency cross-check, also showing that the precision of the astrometry is not very sensitive to the size of the source. The question to be addressed next is with which precision we know the relative positions of one of the three reference frames (HST, PdBI and ALMA) with respect to another. In principle, both ALMA and PdBI, using auto-correlation and strong quasars for calibration, are expected to be very accurately positioned. We evaluate the precision as the beam dimensions divided by the signal to noise ratio, namely, for x and y respectively, 28 mas and 68 mas for PdBI and 10 mas and 10 mas for ALMA. The relative positioning of the PdBI vs ALMA frames is obtained by adding these numbers in quadrature: ∼30 mas in x and ∼70 mas in y. However, this evaluation is optimistic as it neglects uncertainties associated with the precise knowledge of the baselines. Assuming that these are typically at the level of 5% of the beam dimensions would increase the positioning errors of the PdBI frame to ∼31 mas in x and 76 mas in y and those of the ALMA frame to ∼25 mas for each of x and y. Then, the relative positioning uncertainty of the PdBI vs ALMA frames increases to ∼40 mas in x and ∼80 mas in y.
For the HST, the positioning is much less well known: when using the same guide stars, one may expect an accuracy of 50 to 100 mas, but only 200 to 500 mas when using different guide stars. Note that the precision with which the lens model reproduces observations, 29 mas in x and 11 mas in y is irrelevant when comparing frames of reference.
Taking all above considerations in due account, we therefore retain for the PdBI vs ALMA offsets (offsets 3) the values ∆x ∼ −25±40 mas and ∆y ∼ −117±80 mas. They are 0.6σ and respectively 1.5σ away from zero: it is therefore reasonable to accept that our approach is sensible and use these quantities as evaluations of small positioning errors. Using the ALMA frame as reference (because it is the most accurately positioned) reduces offsets 1 and 2 to common mean values of −122 mas in x and −138 mas in y, again compatible with the positioning errors to be expected from the HST. This paper has been typeset from a T E X/L A T E X file prepared by the author.
